Ambient air pollution and temperature have been linked with cardiovascular morbidity and mortality. Metabolic syndrome and its components-abdominal obesity, elevated fasting blood glucose concentration, low highdensity lipoprotein cholesterol concentration, hypertension, and hypertriglyceridemia-predict cardiovascular disease, but the environmental causes are understudied. In this study, we prospectively examined the long-term associations of air pollution, defined as particulate matter with an aerodynamic diameter less than or equal to 2.5 µm (PM 2.5 ), and temperature with the development of metabolic syndrome and its components. Using covariate-adjustment Cox proportional hazards models, we estimated associations of mean annual PM 2.5 concentration and temperature with risk of incident metabolic dysfunctions between 1993 and 2011 in 587 elderly (mean = 70 (standard deviation, 7) years of age) male participants in the Normative Aging Study. A 1-μg/m 3 increase in mean annual PM 2.5 concentration was associated with a higher risk of developing metabolic syndrome (hazard ratio (HR) = 1.27, 95% confidence interval (CI): 1.06, 1.52), an elevated fasting blood glucose level (HR = 1.20, 95% CI: 1.03, 1.39), and hypertriglyceridemia (HR = 1.14, 95% CI: 1.00, 1.30). Our findings for metabolic syndrome and high fasting blood glucose remained significant for PM 2.5 levels below the Environmental Protection Agency's health-safety limit (12 μg/m 3 ). A 1°C increase in mean annual temperature was associated with a higher risk of developing elevated fasting blood glucose (HR = 1.33, 95% CI: 1.14, 1.56). Men living in neighborhoods with worse air quality-with higher PM 2.5 levels and/or temperatures than average-showed increased risk of developing metabolic dysfunctions. air pollution; blood glucose; high-density lipoprotein cholesterol; hypertension; metabolic syndrome; obesity; temperature; triglycerides Abbreviations: CI, confidence interval; HDL, high-density lipoprotein; HR, hazard ratio; NAS, Normative Aging Study; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm.
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Metabolic syndrome is an urgent public health concern that affects 10%-25% of the global population and is associated with increased risk of cardiovascular disease, asthma, sleep apnea, and selected malignancies and with higher total and cause-specific mortality (1) . Metabolic syndrome is defined as having at least 3 of the following conditions: abdominal obesity (waist circumference ≥102 cm for men or ≥88 cm for women), high fasting blood glucose (≥100 mg/dL or medication to treat elevated blood glucose), low high-density lipoprotein (HDL) cholesterol (<40 mg/dL for men, <50 mg/dL for women, or medication to treat low HDL cholesterol), hypertension (systolic blood pressure ≥130 mm Hg, diastolic blood pressure ≥85 mm Hg, or medication to treat elevated blood pressure), and hypertriglyceridemia (triglyceride level ≥150 mg/dL or medication to treat elevated triglycerides) (2) (see Web Table 1 , available at http://aje. oxfordjournals.org/). In the United States, metabolic syndrome affects an estimated 47-68 million people, with males aged 60 years or older being among those at greatest risk (3) (4) (5) .
Rates of metabolic syndrome are increasing worldwide and show geographic variations, largely due to lifestyle, socioeconomic, and ethnic differences (6) (7) (8) . However, local environmental conditions might also contribute to variations in metabolic syndrome rates. Air pollution (including atmospheric particulate matter with an aerodynamic diameter less than or equal to 2.5 µm (PM 2.5 )) and outdoor temperature are 2 essential environmental factors that have been shown in experimental and in vitro studies to affect cellular and systemic metabolic processes (9, 10) .
Nonetheless, the possible relationships of local levels of PM 2.5 and temperature with metabolic syndrome are still underinvestigated in human populations. In particular, previous epidemiologic studies have investigated the relationship of single exposures with individual metabolic components rather than with the entire complex of metabolic alterations that constitute metabolic syndrome (11) (12) (13) (14) (15) . Furthermore, previous studies have focused mainly on the associations between short-term temperature exposure and metabolic outcomes, which may reflect transient modifications not necessarily related to long-term risks (15, 16) . Additionally, to our knowledge, no investigators have published an incidence analysis on the topic.
In the current study, we prospectively examined the association of the average levels of ambient PM 2.5 and temperature at the participants' addresses with the development of metabolic syndrome and of the individual conditions that constitute metabolic syndrome. We used the prospective follow-up of participants in the Normative Aging Study (NAS), a Department of Veterans Affairs longitudinal study of a cohort of older men living across eastern Massachusetts, southern New Hampshire, and southern Maine.
METHODS

Study population
The present analysis included 587 men who were active participants between 1993 and 2011 in the NAS, a longitudinal study (Web Table 2 ) (17) . Each participant included in the analysis was free of at least 1 component of metabolic syndrome at his first visit between 1993 and 2011 and received comprehensive outpatient medical evaluations every 3-7 years. During the visits, participants provided detailed information about their lifestyles, dietary habits, activity levels, and demographic factors. In each diagnosis-specific analysis, we excluded participants who met pathological criteria for that disorder at the baseline visit (Table 1, Web Table 2 ). All participants gave written informed consent in accordance with the VA Boston Healthcare System Institutional Review Board and the institutional review boards of all participating institutions.
Spatiotemporally resolved modeling of particulate matter level
To assign exposure we used a recently published, validated spatiotemporal hybrid model, developed by our group, to estimate daily PM 2.5 level (in μg/m 3 ) across the study area (18) . We used the average PM 2.5 level during the year prior to each visit at each participant's residential address to assess the longterm association of air pollution with metabolic dysfunction. The model incorporates fine-scale local land-use regression analysis and satellite-measured aerosol optical depth (18 (18, 19) . Missing observations on the 1-km × 1-km grid for the period of October 2003-December 2011 were also replaced with measurements from the 10-km × 10-km grid. Out-of-sample cross-validation showed a good fit of the 10-km × 10-km model (R 2 = 0.81) and an excellent fit of the 1-km × 1-km model (R 2 = 0.87) (18, 19) .
Spatiotemporally resolved modeling of temperature level
We used the average daily temperature during the year before each visit at a 1-km × 1-km resolution as a proxy for the temperatures at the participants' addresses in order to assess the long-term association of outdoor temperature with metabolic dysfunction. Daily temperature with 1-km × 1-km resolution was predicted using a spatiotemporally resolved, satellite-based model similar to that used for PM 2.5 (20, 21) . Daily estimates were averaged to produce average annual temperatures. Ten-fold out-of-sample cross-validation was used to validate the accuracy of the predictions, and it showed good fit (mean out-of-sample R 2 = 0.94) (20, 21) .
Assignment of PM 2.5 and temperature levels
In this analysis, we defined as baseline the first NAS visit conducted prior to May 2000, that is, the first month with available PM 2.5 and temperature estimates. We used, as a proxy measure for between-visit exposure, the average of PM 2.5 or temperature levels at each participant's address in the year before each subsequent follow-up visit. The 1-year average was selected because it correlates well with averages of PM 2.5 over longer time windows (e.g., 2-5 years) in this study population (Web Table 3 ), and it was available for a higher number of visits than were the 2-to 5-year averages.
Clinical measures
At each visit, anthropometric measurements were performed with participants in undershorts and socks. Waist circumference was measured in centimeters at the umbilical level, perpendicular to the axis of the upper body (22) . Participants were considered to have abdominal obesity if their waist circumference was ≥102 cm. At each visit, fasting blood glucose and lipid levels were measured in blood samples drawn on the morning of the medical evaluation. In keeping with the diagnostic criteria for metabolic syndrome, high blood sugar was defined as a fasting blood glucose ≥100 mg/dL or medication to treat elevated blood glucose, low HDL cholesterol was defined as any value <40 mg/dL or medication to treat low HDL cholesterol, and hypertriglyceridemia was any triglyceride measure ≥150 mg/dL or medication to treat elevated triglycerides. Individuals were diagnosed with hypertension if their systolic blood pressure was ≥130 mm Hg or diastolic blood pressure was ≥85 mm Hg, or they were taking medication to treat elevated blood pressure. Participants who met 3 or more of the above diagnostic criteria for abdominal obesity, high fasting blood glucose, low HDL, hypertension, or hypertriglyceridemia were considered to have metabolic syndrome (2, 23) . A structured, in-person questionnaire was used to collect information about lifestyle and dietary habits, including physical activity, smoking status, alcohol consumption, and average dark fish consumption.
Statistical analyses
The risk of future metabolic dysfunction associated with 1-year average ambient PM 2.5 level or temperature estimated at the participants' addresses was evaluated using Cox proportional hazards modeling. This method's ability to handle censored data and time-dependent covariates makes it well suited for this analysis (24) . Metabolic syndrome and 5 individual measures of metabolic function-waist circumference, fasting blood glucose, HDL cholesterol, blood pressure, and triglycerides-were modeled separately.
Each model included time-dependent variables (the participant's age at the time of the visit (years; continuous), dark fish consumption (less than once a week, at least once a week), alcohol consumption (<2 drinks/day, ≥2 drinks/day), smoking status (never, former, current), and physical activity (metabolic equivalent hours per week: <12, 12-29.9, ≥30)) and variables measured at the baseline visit (education as a proxy for socioeconomic status (years: ≤12, 12.1-16, >16), an indicator for whether the participant was a permanent resident of the Greater Boston area (yes/no), and percentage of the participant's census tract that was nonwhite (continuous)). Lipid-lowering (statins), antihypertensive, and diabetes medications were included in the model for metabolic syndrome as a whole and were considered to be time-dependent variables. PM 2.5 models adjusted for 1-year average temperature levels and vice versa. Each model included strata for variables that did not meet the Cox proportional hazards assumptions. We also represented the significant associations and verified graphically that PM 2.5 and temperature levels did not show major departures from the linear association with the outcomes (Figures 1 and 2) .
We also reanalyzed the results from each PM 2.5 model after restricting the analysis to observations with PM 2.5 levels lower than 12 µg/m 3 , which is the primary annual fineparticle standard set by the Environmental Protection Agency for public health protection (25) .
As a sensitivity analysis, we excluded outliers for PM 2.5 and temperature levels for all models, and we excluded physical activity from the list of covariates because including it might have resulted in overadjustment. We further investigated the interaction between air pollution and ambient temperature in relation to metabolic syndrome and its individual components.
We additionally evaluated changes in each cardiometabolic measure over time relative to air pollution and temperature using a linear model with repeated observations for each participant. The analysis was subsequently stratified according to the presence or absence of metabolic syndrome at baseline.
We used SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina), and R (R Foundation for Statistical Computing, Vienna, Austria) for all models (26) (27) (28) . Table 1 shows demographic and clinical data for all participants. At baseline, of the 587 NAS participants, 191 (33%) had abdominal obesity, 294 (50%) had high blood glucose, 261 (44%) had low HDL cholesterol, 471 (80%) had hypertension, 271 (46%) had hypertriglyceridemia, and 316 (53%) met criteria for metabolic syndrome. Participants with specific metabolic dysfunctions were excluded from the corresponding analysis groups. The most common conditions in both preexisting and incident cases of metabolic syndrome were hypertension, hypertriglyceridemia, and low HDL cholesterol levels (Web Table 4 ). Participants were 70 years old, on average, at baseline and made up to 6 visits (mean = 2.2). Most participants were white (88%), had at least a college degree (71%), and were permanent residents in the Greater Boston area (86%). Most men reported low physical activity (58%), light or lower alcohol consumption (77%), and being former smokers (65%). Twenty-four percent of the participants used statins, 5% used diabetes medications, and 49% used antihypertensive medications. The percentage of users of prescribed medications and numbers of participants varied across the data subsets used for analysis of the individual components of metabolic syndrome. . A 1-μg/m 3 increase in annual PM 2.5 level was significantly associated with a 27% higher risk of developing metabolic syndrome (hazard ratio (HR) = 1.27, 95% confidence interval (CI): 1.06, 1.52; P = 0.01), a 20% higher risk of developing elevated fasting blood glucose (HR = 1.20, 95% CI: 1.03, 1.39; P = 0.02), and a 14% increased risk of hypertriglyceridemia (HR = 1.14, 95% CI: 1.00; 1.30; P = 0.05) (Table 2, Figure 1 ). Estimated annual temperature levels ranged between 7.5°C and 18.8°C (mean = 11.4 (standard deviation, 1.1)°C). A 1°C increase in annual temperature was associated with a 33% higher risk of elevated fasting blood glucose (HR = 1.33, CI: 1.14, 1.56; P < 0.001) (Table 2, Figure 2 ). However, temperature was not significantly associated with the risk of metabolic syndrome as a whole (HR = 0.99, 95% CI: 0.82, 1.21; P = 0.95).
RESULTS
Descriptive statistics
After restricting the analysis only to observations with 1-year average PM 2.5 levels less than 12 µg/m 3 (Table 3) , PM 2.5 results for the analyses of metabolic syndrome and high fasting blood glucose remained significant and showed stronger associations: 40% higher risk of developing metabolic syndrome (HR = 1.40, CI: 1.11, 1.77; P = 0.005) and 31% higher risk of elevated fasting blood glucose (HR = 1.31, CI: 1.05, 1.63; P = 0.02). The 1-year average PM 2.5 levels and temperatures included outliers, defined as having an absolute deviation of 3 standard deviations from the mean. Analyses excluding the 33 outliers confirmed results for PM 2.5 and temperature on metabolic syndrome and fasting blood glucose (Web Table 5 ). Results from analyses excluding physical activity from the list of covariates were also consistent with previous findings (Web Table 6 ). Additionally, we found significant interaction between particulate matter and temperature in none of the models (Web Table 7 ).
The association of temperature with waist circumference increased significantly over time (Web Table 8 ). Our findings suggested that air pollution and temperature have homogeneous associations with the progression of each component for persons with and without defined metabolic syndrome (Web Table 8 ).
DISCUSSION
The present study showed associations of long-term exposure to higher ambient PM 2.5 levels and outdoor temperatures with increased risk of developing several components of metabolic dysfunction. PM 2.5 was associated with an increased risk of metabolic syndrome and some of its individual metabolic components: elevated fasting blood glucose and triglycerides. Temperature was associated with an increased risk of developing elevated fasting blood glucose. To our knowledge, this was the first study to prospectively examine both PM 2.5 and temperature exposure in relation to the risk of metabolic syndrome and of its individual components. Our results indicated that individuals who lived in neighborhoods with worse air quality, as reflected in higher PM 2.5 levels and/or higher temperatures than average, had a greater risk of developing components of metabolic syndrome. The associations of PM 2.5 with metabolic syndrome and fasting blood glucose remained significant when restricting the analysis to observations below the Environmental Protection Agency's health-safety threshold for primary annual fine-particle exposure (25) . This finding may support the need for more stringent measures to further reduce PM 2.5 levels, as well as a need to begin considering ambient temperature-an environmental variable that has become key for climate-change predictions -as a novel risk factor for long-term metabolic risk.
Our results were consistent with recent research into the biological mechanisms through which high levels of PM 2.5 and temperature exposure might affect metabolic regulation. PM 2.5 exposure may predispose individuals to metabolic dysfunction through the generation of oxygen-centered free radicals, which can disrupt insulin signaling and impair vasorelaxation, thus contributing to insulin resistance and vascular disease (29, 30) . PM 2.5 exposure has recently been shown to contribute to the generation and increase of reactive oxygen species, which have been associated with metabolic dysfunction (31) (32) (33) . Additionally, PM 2.5 exposure may contribute to the risk of metabolic syndrome by activating cell-signaling pathways implicated in metabolic dysfunction. Sun et al. (34) demonstrated that long-term PM 2.5 exposure leads to systemic inflammation, increased visceral adiposity, and insulin resistance in male mice on a high-fat diet. Exposure to air pollution caused several signaling abnormalities associated with insulin resistance in the mice, including decreased Akt/protein kinase B and endothelial nitric oxide synthase phosphorylation in endothelial cells and elevated protein kinase C expression. In a study by Mendez Abbreviations: HDL, high-density lipoprotein; CI, confidence interval; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm.
a PM 2.5 concentration (for each 1 µg/m 3 ) was a 1-year average from daily estimates including aerosol-optical-depth data from the 1-km × 1-km model and 10-km × 10-km model.
b Temperature (for each 1°C) was a 1-year average from daily estimates including aerosol-optical-depth data from the 1-km × 1-km model. c Two-sided P value. d The model included both time-dependent variables and variables measured at baseline. Time-dependent variables: age at the visit (years; continuous), dark fish consumption (less than once a week, at least once a week), alcohol consumption (<2 drinks/day, ≥2 drinks/day), smoking status (current, former, never), and physical activity level (metabolic equivalent hours per week, <12, 12-29.9, ≥30). Variables measured at baseline: education (years, ≤12, 12.1-16, >16), whether the participant was a permanent resident of the Greater Boston area (yes/no), and percentage of the participant's census tract that was nonwhite (continuous).
e Category included medications varying over time: diabetes medication (no/yes), statins (no/yes), and antihypertensive medication (no/yes).
et al. (35) , the same research group showed that long-term PM 2.5 exposure causes upregulation of genes involved in lipogenesis, lipolysis, adipocyte differentiation, and lipiddroplet formation in mouse adipose tissue. These studies are highly supportive of our findings and suggest possible mechanisms for PM 2.5 -induced metabolic dysfunction. The relationship between temperature and high blood sugar that we identified might be due to the role of adipose tissue in adaptation to temperature differences-a hypothesis consistent with prior obesity research (36) . Indeed, in the presence of colder temperatures, fat stored in adipocytes is mobilized and used to produce heat to keep body temperature constant. Brown adipose tissue, in particular, burns energy and glucose to generate heat (10, 37, 38) , and individuals with higher proportions of brown adipose tissue are protected from diabetes and obesity (39) . People exposed to comparatively higher temperatures burn fewer calories to maintain body temperature, have less brown adipose tissue, and therefore, as shown in our analysis, may be more prone to developing insulin resistance.
Interestingly, neither PM 2.5 nor temperature was significantly associated with abdominal obesity, low HDL cholesterol, or hypertension, all of which are key components of metabolic syndrome that are often presented as underlying and/or preceding the other components (40) and cardiovascular morbidity (41, 42) . This finding may indicate that PM 2.5 and temperature activate metabolic mechanisms such as inflammation, which might increase the risk of developing elevated fasting blood glucose and hypertriglyceridemia without substantially increasing the risk of abdominal obesity, low HDL cholesterol, or hypertension. On the other hand, the lack of association with abdominal obesity indicated that our findings were not confounded by possible correlations with obesity-associated lifestyles, such as those resulting in a high-calorie diet or low physical activity, which would be expected to also significantly increase obesity risk.
In the present study, the estimated magnitude of the association between PM 2.5 and metabolic syndrome was relatively larger than that found in other studies of cardiovascular events or death (9) . Older individuals are especially susceptible to pollution-triggered morbidity and mortality (43) . The risk of developing metabolic syndrome increases with age; metabolic syndrome affects approximately 24% of the US adult population, and the prevalence is dramatically higher in older adults (≥50 years of age), at 44% (3, 23) . Therefore, NAS participants represent a particularly vulnerable population, composed of older male participants (mean age 70 years). Previous studies suggested that metabolic syndrome is a precursor for coronary heart disease (44) , and it contributes to the risk of cardiovascular mortality (45) . Increased risk for developing metabolic syndrome in response to air pollution might serve as one of the primary intermediate outcomes contributing to air pollution-related cardiovascular disease events.
We used validated spatiotemporally resolved models to estimate PM 2.5 levels and temperature at each participant's home address at a resolution of 1 km × 1 km. All of the NAS participants lived in the same metropolitan area, which was relatively cool and had a low penetrance of air conditioning (46) . However, 1-year averages of both PM 2.5 and temperature levels showed wide variations across participants, mostly due to differences in residential address characteristics such as proximity to roadways or water and amounts of green space and concrete. In our study, we were also able to control for variables related to personal and residence-based characteristics, which should have limited residual confounding by those factors. Finally, our results included a substantial number of observations; each of our 587 participants completed 2.2 study visits, on average. ) was 1-year average from daily estimates including AOD data from the 1 × 1 km model and 10 × 10 km model. b Two sided P. c The model included both time-dependent variables and variables measured at baseline. Time-dependent variables: age at the visit (years; continuous), dark fish consumption (less than once a week, at least once a week), alcohol consumption (<2 drinks/day, ≥2 drinks/day), smoking status (current, former, never), physical activity level (<12, 12-29.9, ≥30 metabolic equivalent hours per week), and 1-year average temperature levels. Variables measured at baseline: education (≤12, 12.1-16, >16 years), whether the participant was a permanent resident of the greater Boston area (yes/no), and percentage of the participant's census tract that was nonwhite (continuous).
d Included medications varying over time: diabetes medication (no/yes), statins (no/yes), and antihypertensive medication(no/yes).
Some limitations could have affected our study. The study sample was over 88% white and all male, which limits the generalizability of our results to other racial/ethnic groups and to women. Other possible sources of bias should be considered in the interpretation of our results, including the use of exposure estimates based on residential address or 1-km × 1-km resolution, which may misclassify personal exposure levels. Measurement error for air pollution or temperature is a common limitation of epidemiologic studies, which usually leverage PM 2.5 and temperature measurements of ambient particulate concentrations and temperature, respectively, from stationary monitors to obtain exposure estimates for study participants. The difference between the ambient estimate and a participant's average personal exposure is a potentially important source of bias, for measures of both air pollution and temperature. This bias would be unlikely to alter our conclusions on statistically significant findings, because misclassification from using the ambient measurements is most likely to attenuate statistical associations (47) . It is possible, however, that measurement error is responsible for the lack of association observed with some metabolic components. Further, because NAS participants are largely retired, estimates of levels at the participants' addresses or at a 1-km × 1-km resolution are expected to correlate well with personal exposures due to the lack of commuting to work (48) .
In conclusion, our results add evidence that long-term exposure to higher PM 2.5 levels and warmer temperatures increases the risk of metabolic dysfunction. People living in neighborhoods with worse air quality-in terms of higher PM 2.5 levels and/or higher temperatures than averageshowed an increased risk of developing metabolic dysfunctions. These metabolic associations may represent intermediate factors that could help to explain the link of increased exposure to PM 2.5 and higher temperature with cardiovascular morbidity and long-term mortality risks. Our findings may indicate the need for more stringent control of ambient PM 2.5 levels and for revising estimates of the health impact of climate changes to account for the long-term risk of metabolic dysfunction and its sequelae.
